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Stem cells self-renew or differentiate under the gov-
ernance of a stem-cell-specific transcriptional pro-
gram, with each transcription factor orchestrating
the activities of a particular set of genes. Here we
demonstrate that a single transcription factor is
able to regulate distinct core circuitries in two differ-
ent blastocyst-derived stem cell lines, embryonic
stem cells (ESCs) and extraembryonic endoderm
(XEN) cells. The transcription factor Sall4 is required
for early embryonic development and for ESC pluri-
potency. Sall4 is also expressed in XEN cells, and
depletion of Sall4 disrupts self-renewal and induces
differentiation. Genome-wide analysis reveals that
Sall4 is regulating different gene sets in ESCs and
XEN cells, and depletion of Sall4 targets in the re-
spective cell types induces differentiation. With
Oct4, Sox2, and Nanog, Sall4 forms a crucial inter-
connected autoregulatory network in ESCs. In XEN
cells, Sall4 regulates the key XEN lineage-associated
genes Gata4, Gata6, Sox7, and Sox17. Our findings
demonstrate how Sall4 functions as an essential
stemness factor for two different stem cell lines.
INTRODUCTION
The development of the preimplantation embryo and lineage
commitment of early blastocyst-derived stem cells is highly reg-
ulated. From the mouse blastocyst, three stem cell types can be
isolated and cultured in vitro. These include embryonic stem
cells (ESCs) from the inner cell mass (ICM), trophoblast stem
(TS) cells from the trophectoderm, and stem-cell-like extraem-
bryonic endoderm (XEN; hereafter referred to as stem cells) cells
from the primitive endoderm (Evans and Kaufman, 1981; Martin,
1981; Rossant, 2007; Yamanaka et al., 2006). When reintro-
duced into the embryo, these cells contribute specifically toCethe appropriate embryonic cell lineages (Beddington and
Robertson, 1989; Kunath et al., 2005; Tanaka et al., 1998). The
maintenance of these undifferentiated stem cell lines is depen-
dent upon certain key factors that specify lineage identity, as
well as support self-renewal.
During the course of development, these key transcription fac-
tors are present to establish specific networks in a spatial and
temporal manner to facilitate cell-fate decisions and the estab-
lishment of different lineages in the early blastocyst. The first
cell-fate decision is undertaken by cells in the morula to give
rise to the trophectoderm and ICM. Cells of the ICM further un-
dertake a second cell-fate decision to form either the epiblast,
which produces the embryonic germ layers or the primitive en-
doderm, which forms the extraembryonic yolk sac (Rossant,
2007; Yamanaka et al., 2006). During this period, the ICM cells
have started to express the epiblast and primitive endoderm de-
terminants in a mutually exclusive manner, even though Oct4
expression is maintained in both populations. Nanog, a key
ESC-associated factor expressed from the morula stage, be-
comes localized to the epiblast layer of the blastocyst (Cham-
bers et al., 2003; Mitsui et al., 2003). Nanog has been suggested
to act as a selector of the epiblast fate over the primitive endo-
derm fate, as ESCs depleted of Nanog acquire endoderm-like
characteristics coupled with the expression of endoderm-asso-
ciated genes (Mitsui et al., 2003). Gata6, on the other hand, is
a determinant of the primitive endoderm lineage. Mutations in
Gata6 lead to defective development of the visceral endoderm
in themouse embryo. However, theGata6mutants do not exhibit
extraembryonic endoderm defects until a few days after blasto-
cyst formation (Koutsourakis et al., 1999; Morrisey et al., 1998).
This strongly suggests that other factors act in the initial stage
of primitive endoderm specification.
Sall4 belongs to the Spalt-like (sall) family of C2H2 zinc-finger
transcription factors. The first member of this family, Spalt, was
identified as an essential homeotic gene required for early devel-
opment in Drosophila (Frei et al., 1988; Kuhnlein et al., 1994).
Sall4 has been shown to be involved in the proper development
of the ICM, where its depletion in the early zygote causes an ex-
pansion of trophectoderm cells into the ICM of the blastocyst,
and Sall4 null mutants perish by E6.5 (Elling et al., 2006;ll Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Inc. 543
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Sall4 is required for a transcription program that maintains pluri-
potency of the epiblast within the ICM. In ESCs, a loss of Sall4
leads to rapid loss of pluripotency and respecification into the
trophoblast lineage (Zhang et al., 2006). These effects of Sall4
depletion could be attributed partly to the loss of Sall4-mediated
transcriptional regulation of the developmentally important Oct4
gene (Zhang et al., 2006).
Interestingly, neither ESCs nor XEN cells can be derived from
Sall4 null mutant blastocysts, suggesting that Sall4 could also be
important for maintaining the primitive endoderm lineage (Elling
et al., 2006; Sakaki-Yumoto et al., 2006). This led us to hypothe-
size that Sall4 might be central to the core transcription circuit in
the primitive endoderm and its associated XEN cells. In this
study, we delineated the core circuitries that are regulated by
Sall4 in governing the distinctive blastocyst-derived stem cell
lines. We dissected crucial components of the Sall4-driven cir-
cuitries through loss-of-function analyses and showed that these
are required for maintaining the stem cell states. In doing so, we
addressed the question of how a single transcription factor,
Sall4, regulates distinctive networks in the maintenance of two
developmentally divergent stem cell lineages.
RESULTS
Sall4 Is Required for the Maintenance
of Blastocyst-Derived XEN Cells
In the absence of Sall4, normal development of the epiblast and
primitive endoderm is disrupted in the early embryo, suggesting
an essential role for Sall4 in these lineages. In ESCs, Sall4 is re-
quired for maintaining pluripotency and self-renewal, in part
through its role in regulating Oct4 expression (Zhang et al.,
2006). However, its role in the primitive endoderm is unclear.
To facilitate studies of Sall4 function in the primitive endoderm,
we derived a XEN cell line, designated as XEN-GIS, from E4.5
blastocysts using methods previously described (Kunath et al.,
2005). The cultures of XEN-GIS cells contained mixed popula-
tions of cells with two distinctive rounded or epithelioid morphol-
ogies that were also observed in previously reported XEN cell
cultures (Kunath et al., 2005). Examination of several known
XEN marker genes, including Gata4, Gata6, and Sox17, by im-
munofluorescence analysis showed that these transcription fac-
tors are expressed and localized to the nuclei of all cells, regard-
less of cell morphology (see Figure S1 available online). We then
examined the global gene expression profile of the XEN-GIS cell
line by microarray analysis and compared that with three previ-
ously characterized XEN lines, XEN1-3, IM8A1-I, and IM8A1-II
(Kunath et al., 2005). The expression profiles of four ESC lines
and four MEF cell lines were also included in the comparison. Hi-
erarchical clustering of the transcriptome profiles of these cell
lines showed that the XEN-GIS cells clearly clusteredwith the es-
tablished XEN cell lines, and the global transcriptome profile of
the XEN-GIS cell line was very similar to that of previously char-
acterized XEN cell lines (Figures S2A and S2B). Closer examina-
tion of specific parietal (PE) and visceral (VE) endoderm marker
genes in these newly derived XEN-GIS cells revealed high levels
of expression of known PE markers Plat, Sparc, and Fst; VE
markers Ihh and Cited1/Msg1; and other extraembryonic endo-
derm genes such as Tcf2/vHnf1, Vegfa, and Stra6 (Table S1).544 Cell Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier IncConsistent with cells of the extraembryonic endoderm lineage,
genes specific to ESCs (Oct4, Nanog, Zfp42), trophectoderm
(Cdx2, Eomes, and Hand1), mesoderm (T-Brachyury and
MyoD) and ectoderm (Sox1, Otx2, and Pax6) were absent in
the XEN-GIS cells (Table S1; data not shown). Thus, these results
indicate that the transcriptome of XEN-GIS cells is similar to and
corresponds well with that of previously characterized XEN cells
(Kunath et al., 2005).
Next, we sought to examine the differentiation potential of the
XEN-GIS cells. It has been reported that in vitro differentiation of
XEN cells led to decreased levels of Gata4, Gata6, and Sox7,
while the VE marker gene Afp was induced (Kunath et al.,
2005). To investigate if our XEN-GIS cells exhibited similar differ-
entiation potential as the established XEN lines, we cultured the
cells in differentiation conditions for 4 days, followed by quanti-
tative RT-PCR (qRT-PCR) analysis of marker genes to detect
gene expression changes. Similar to previous reports, differenti-
ation of the XEN-GIS cells led to strong induction of Afp, along
with decreases in the levels of markers of PE (Gata6, Gata4,
Sox7, Sox17, and Pthr1) and VE (Ihh and Foxa2) lineages
(Figure S2C). Taken together, these results indicate that the
XEN-GIS cells are highly similar to previously characterized
XEN lines and are representative of the extraembryonic endo-
derm lineage. We will henceforth refer to these XEN-GIS cells
as XEN cells.
We next examined the expression of Sall4 in these XEN cells
and observed that Sall4 was expressed and localized to the nu-
clei (Figure 1A). Analysis of mRNA levels showed that Sall4 was
expressed at lower levels in XEN cells relative to ESCs, whereas
no transcripts were detected in embryonic or adult fibroblasts
(Figure 1B). As Sall4 levels appear abundant in XEN cells, we
sought to further investigate if Sall4 has critical functions in these
cells. To determine the requirement of Sall4 in XEN cells, we de-
pleted the levels of Sall4 by RNAi. Upon Sall4 depletion, the cells
underwent morphological changes where the normally rounded,
highly refractile cells adopted a large vacuolated morphology
that was phenotypically similar to previously described in vitro
differentiated XEN cells (Kunath et al., 2005). We also observed
a concomitant reduction in the number of viable cells (Figures
1C and 1D). Analysis of annexin V-positive cells by flow cytom-
etry indicated a marked increase in apoptosis within XEN cells
treated with Sall4 shRNA (17%) compared to control (9%)
(Figure 1E). Furthermore, qRT-PCR analysis of genes associated
with the extraembryonic endoderm lineage in Sall4-shRNA-
treated XEN cells showed that Gata6, Gata4, Sox7, and Sox17
were downregulated by 30%–60% compared to control
shRNA-treated cells (Figure 1F).
Further characterization of the differentiation induced in the
Sall4-shRNA-treated XEN cells using microarray transcriptome
profiling provided results consistent with the qRT-PCR analysis,
in which expression of the extraembryonic endoderm markers
Gata4, Gata6, Sox7, and Sox17 were significantly downregu-
lated (Table S2). In addition, markers of the PE lineage Pdgfra,
Sparc, and Pthr1 and VE lineage Cited1, Ihh, and Acvr1 were
also significantly reduced. The similarities between these Sall4
RNAi-induced gene expression changes and those observed in
the in vitro differentiated XEN cells (Figure S2C; Kunath et al.,
2005) led us to conclude that Sall4 is required for maintaining
the undifferentiated state of XEN cells. This finding is also.
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development is disrupted in Sall4/ mice.
Lineage-Specific Sall4 Occupancy of Target Genes
We then sought to understand how a single transcription factor,
Sall4, which is essential in maintaining the two lineage-distinct
but developmentally connected blastocyst-derived ESC and
XEN cell populations, might exert its function in the two stem
cell lines. To do so, we sought to identify the target genes regu-
lated by Sall4 in both ESCs and XEN cells by genome-wide
promoter occupancy analysis. We performed chromatin immu-
noprecipitation (ChIP) followed by hybridization to DNAmicroar-
rays containing probes that interrogate the region from 5.5 kb
upstream to 2.5 kb downstream of the transcription start sites
of 17,000 mouse genes. Biological triplicates were examined
for each cell line, and promoters bound by Sall4 were determined
by statistical analyses that assessed factor enrichment at multi-
ple neighboring probes for each gene across replicate microar-
rays. In both ESCs and XEN cells, Sall4 was found to bind
1000 putative target genes each, with the false-positive rate
estimated to be 5%–6% based on ChIP-qPCR analyses
(Figure 2A; Tables S3 and S4; Figures S3A–S3C). Comparison
of Sall4-bound regions in the two cell lines delineated 814
ESC-specific and 751 XEN cell-specific binding sites, while
only 25% of Sall4-bound regions were common to both cell
types (Figure 2A). For example, the promoters of Sox2, Phc1,
and Dppa3 exhibited ESC-specific Sall4-binding profiles, while
Gata6,Gata4, andPdgfra showed XEN-specific Sall4 occupancy
(Figure 2B). In addition, of the promoters bound by Sall4 in both
ESCs and XEN cells, the majority of these were occupied at
the same specific location within the 8 kb region interrogated.
However, it is interesting to note that there were instances of
cell-specific binding sites on a small number of these promoters
such as those observed on the Sall4 promoter (Figure 2B).
The surprisingly large proportion (>75%) of Sall4-bound genes
that are cell type specific strongly suggest that Sall4 participates
in the regulation of distinct transcriptional programs in ESCs and
XEN cells. In particular, we found Sall4 to be present on the pro-
moters of many lineage-associated genes in a cell-specific man-
ner. For example, in amutually exclusivemanner, Sall4 occupied
the promoters ofOct4,Sox2, and Tcf3 in ESCs, but that ofGata4,
Gata6, Sox17, and other XEN-associated genes in XEN cells
Figure 1. Sall4 Is Required for Maintaining
Undifferentiated XEN Cells
(A) Expression of Sall4 in ESCs and XEN and MEF
cells is analyzed by immunostaining. Scale bars,
200 mm.
(B) Sall4 is expressed in ESCs and XEN cells but
absent in other cell types. Sall4 transcript levels
in ESCs and XEN, MEF, embryonic skin (E15.5),
and NIH 3T3 cells were measured by qRT-PCR.
All values were normalized to b-actin and plotted
relative to the expression levels in ESCs. Error
bars indicate standard error of three replicates.
(C) Phase images of ESCs and XEN cells 4 days
after transfection with Sall4 or control shRNA vec-
tors. Sall4 knockdown ESCs differentiated into
a flattened giant trophoblast cell-like morphology,
while XEN cells depleted of Sall4 adopted large
vacuolated cell morphology (indicated with
arrows). Scale bars, 100 mm.
(D) FACS analysis to determine the growth of XEN
cells after transfection with Sall4 or control shRNA
vectors. The transfected cells were cultured under
puromycin selection for 3 days prior to reseeding
at the density of 10 000 cells per well. Proliferation
of the treated XEN cells was determined by FACS
counting of cell numbers from 1 to 6 days. Error
bars indicate standard error of two technical repli-
cates at each time point.
(E) Apoptotic cell death (lower right quadrant) in
XEN cells transfected with Sall4 or control shRNA
vectors was measured by Annexin V staining
4 days after transfection.
(F) Quantitative RT-PCR analysis of marker gene
expression in XEN cells treated with Sall4 or con-
trol shRNA for 4 days. All values were normalized
to b-actin and plotted relative to the expression
levels in control shRNA-treated cells. Error bars in-
dicate standard error of three replicates.Cell Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Inc. 545
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pression of critical lineage-specifying factors in the two cell
types.
To gain insights into how Sall4 may be recruited to different
promoters in the two blastocyst-derived cell lines, we investi-
gated the histone modification features that are present at
Sall4-occupied regions. In a global analysis, we examined the
distribution of H3K4me3 and H3K27me3 modifications at
Sall4-bound regions in ESCs by intersecting Sall4-bound loci
identified in our ChIP-chip studies with the recently described
epigenome maps of these two histone marks (Mikkelsen et al.,
2007). We found that >66% of Sall4-bound regions bear the
H3K4me3 mark, while 14% contained both H3K4me3 and
H3K27me3 modifications (Figure 3A). The observation that
Sall4-bound regions in ESCs are enriched for the activating
H3K4me3 mark indicates an association of Sall4 with nonre-
pressed genes in ESCs. In contrast, intersection of the histone
marks present in ESCs at XEN-specific Sall4-binding loci
Figure 2. ChIP-Chip Analysis of Genome-
wide Promoter Occupancy Reveals that
Sall4 Regulates Specific and Common
Target Genes in ESCs and XEN Cells
(A) Diagram showing overlap of genes bound by
Sall4 in ESCs and XEN cells. Numbers in parenthe-
ses indicate total number of genes bound in each
cell type.
(B) Chromosomal location and enrichment ratio of
Sall4 for all probes of each indicated gene. Blue
graph indicate Sall4 enrichment profile in ESCs.
Red graph represent Sall4 enrichment profile in
XEN cells.
(C) Examples of selected Sall4 target genes that
are cell type specific as well as common to both
ESCs and XEN.
showed significantly less enrichment of
the H3K4me3 marks at these regions
(Figure 3A). Instead, more than 60% of
these regions displayed chromatin
features frequently associated with gene
repression, such as presence of the
H3K27me3 mark or the absence of both
H3K4me3 and H3K27me3 modifications.
These results suggest that, in ESCs, Sall4
is predominantly present at the pro-
moters of active target genes but absent
at repressed promoters.
We then sought to examine if Sall4 oc-
cupancy is similarly correlated with target
gene activity in XEN cells. We performed
ChIP-qPCR analysis to investigate these
histone modifications on the Sall4-bind-
ing sites of selected XEN-specific Sall4
target genes, as well as ESC-specific
and common genes, in these cells. In
XEN cells, we observed that the repres-
sive H3K27me3 mark was highly en-
riched at genes such as Nanog, Oct4,
Sox2, andDppa5where Sall4 was absent
(Figure 3B). In contrast, H3K27me3 was absent at Sall4-bound
target genes such as Gata6, Gata4, and Sox17, which carried
the active H3K4me3 mark instead. These results suggest that
Sall4 promoter occupancy in XEN cells is also closely correlated
with gene activity. As a comparison, we performed the ChIP-
qPCR analysis in ESCs and observed significant enrichment of
H3K27me3 at all the repressed XEN-specific Sall4 target genes
(Figure 3B), consistent with the findings of the genome-wide cor-
relation analysis. Taken together, these results indicated that
Sall4 occupancy in each cell type is correlated with active his-
tone modification signatures.
Sall4 Regulates Differential Transcriptional Programs
in ESCs and XEN Cells
To examine how Sall4 may transcriptionally regulate target gene
expression in ESCs and XEN cells, we profiled perturbations to
the global gene expression profiles induced by the loss of
Sall4. We then examined how many of the genes that exhibited546 Cell Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Inc.
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promoters that were occupied by Sall4. In ESCs, 15% of the
downregulated and 9% of the upregulated genes were Sall4-
bound targets, suggesting that these genes are potentially
activated or repressed transcriptionally by Sall4 in the undiffer-
entiated state (Figure 4A; Table S5). In XEN cells, Sall4 appears
to regulate the expression of15% of the total number of genes
significantly up- or downregulated upon the loss of Sall4
Figure 3. Lineage-Specific Sall4 Promoter Occupancy Is Correlated
with Specific Histone Modifications
(A) Correlation of H3K4me3 and H3K27me3 histone modifications with Sall4
occupancy in ESCs was examined by intersecting epigenome maps (Mikkel-
sen et al., 2007) with Sall4-binding sites. Sall4-bound regions in ESCs are de-
noted as ‘‘Occupied.’’ Sall4-occupied regions uniquely identified in XEN cells
are denoted as ‘‘Unoccupied.’’ Correlation of occupied and unoccupied sites
with different chromatin states were found to be statistically significant at
p < 0.0001 (z-test for two proportions), compared to a control set of randomly
selected promoter regions.
(B) Levels of H3K4me3 and H3K27me3 on ESC-specific (red labels), XEN-spe-
cific (blue labels), and common (green labels) Sall4-binding sites in ESCs and
XEN cells were examined by ChIP-qPCR. For comparison of different modifi-
cations that give different enrichment values, the data are plotted relative to the
maximum enrichment value in each cell line for each ChIP. In ESCs, H3K4me3
and H3K27me3 levels for each locus were normalized to that for Hexb and
Pitx2, respectively. In XEN cells, H3K4me3 and H3K27me3 levels for each lo-
cus were normalized to that for Nanog and Sox17, respectively. Error bars in-
dicate the SEM of three independent experiments.Ce(Figure 4A; Table S6). Therefore, these data indicate that Sall4
functionally regulates a subset of the genes whose expressions
were altered in a Sall4-dependent manner.
To further evaluate the correlation between Sall4 promoter oc-
cupancy and transcriptional control of its targets, we analyzed
the expression profiles of Sall4-bound genes upon Sall4 knock-
down in ESCs and XEN cells. InSall4-depleted ESCs, expression
of more than 60% of Sall4-bound target genes exhibited
changes of >1.25-fold compared to control (Figure 4B). These
results suggest that Sall4 directly regulates the expression of
60% of its target genes in ESCs. Consistent with the finding
that most of these genes are ESC-specific Sall4 targets, the ma-
jority of these genes did not show similar expression changes in
Sall4-knockdown XEN cells (Figure 4B). In XEN cells, 75% of
Sall4 target genes exhibited expression changes upon the loss
of Sall4 (Figure 4B). As most of these genes were XEN-specific
targets of Sall4, their expression were not altered in a similar
manner in ESCs. Thus, these results suggest that Sall4 is re-
cruited to, and appears to regulate, the expression of distinct
sets of genes in a cell-type-specific manner.
To demonstrate that Sall4 directly controls the expression of
its target genes, we performed reporter assays on 15 target
genes, which were downregulated upon Sall4 depletion in
ESCs or XEN cells. Promoter regions encompassing the Sall4-
binding sites of these geneswere cloned upstreamof a luciferase
reporter and cotransfected into HEK293T cells with either a Sall4
overexpression plasmid or an empty vector. In these experi-
ments, all promoters tested were activated by Sall4 compared
to vector control (Figure S4). These results illustrate the ability
of Sall4 to directly activate the expression of its target genes.
The observation that certain genes were upregulated upon
Sall4 depletion from our microarray analyses suggests that
Sall4 could function to repress these target genes in ESCs or
XEN cells. However, we did not observe Sall4-mediated repres-
sion on three of these genes tested in the reporter assays
(Figure S4). This could suggest that transcriptional repression
mediated by Sall4 in ESCs and XEN cells may involve more com-
plex mechanisms that are likely to require the presence of addi-
tional factors, which may be absent in HEK293T cells.
Sall4 Is an Integral Component of Core Circuitries
in Stem Cells
To gather additional insights into the comparative functional
roles of Sall4 in ESCs and XEN cells, we first performed Gene
Ontology (GO) analysis on the sets of ESC-specific, XEN-
specific, and shared target genes bound by Sall4. Consistent
with its role as a stem cell transcription factor, all three sets of
target genes were highly enriched for genes involved in develop-
mental processes and transcriptional regulation (Table S7).
The finding that Sall4 is recruited to distinct groups of genes
in ESCs and XEN cells suggests that Sall4 governs important
transcription programs required for the establishment or mainte-
nance of the two distinct stem cell lineages. In ESCs, the contri-
bution of Sall4 is critical, as evident through its regulation of
Oct4, and interactions with Nanog to co-occupy and potentially
coregulate a number of downstream targets, suggesting that
Sall4-regulated target genes could potentially feed into the
Oct4/Sox2/Nanog circuitry. To evaluate the connectivity of
Sall4, Oct4, Sox2, and Nanog in the ESC transcription network,ll Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Inc. 547
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Sox2, and Nanog identified in a genome-wide ChIP-Seq study
(Chen et al., 2008). We found that Sall4 co-occupies the
promoters of many genes common to Oct4, Sox2, and Nanog,
including a set of 305 genes that were co-occupied by all four
factors (Table S8). Interestingly, we observed that Sall4 partici-
pates in an interconnected autoregulatory circuit with Oct4,
Sox2, and Nanog where each of the four factors appears to
regulate its own expression as well as that of the others
(Figure 5A). We further examined the expression profiles of the
305 common target genes in undifferentiated and differentiating
ESCs (Hirst et al., 2006; Palmqvist et al., 2005). We found that
>60% of these genes were differentially expressed in differenti-
ating compared to undifferentiated ESCs (Figure 5B). These re-
Figure 4. Sall4 Transcriptionally Regulates a Subset of Bound Target
Genes
(A) Differential gene expression profile upon depletion of Sall4 in ESCs and
XEN cells. Triplicate expression profiling was performed on ESCs and XEN
cells transfected with Sall4 or control shRNA and cultured under puromycin
selection for 4 (ESC) or 5 (XEN) days. KD, knockdown. Differential gene ex-
pression was calculated based on the mean of the log2 fold difference of
Sall4 knockdown in ESCs or XEN cells to the corresponding controls. Heat-
maps represent genes with greater than 1.75-fold difference sorted based
on mean fold differences.
(B) Gene expression changes of all Sall4-bound genes were calculated based
on the mean of the log2 fold difference of Sall4 knockdown in ESCs or XEN
cells to the corresponding controls. Heatmapswere generated using hierarchi-
cal clustering with average linkage, and genes were sorted based on the mean
fold changes.548 Cell Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Insults indicate that the genes co-occupied by Sall4, Oct4, Sox2,
and Nanog exhibit ESC-specific expression, which suggests
that these genes may be functionally important for maintaining
the undifferentiated ESCs. Thus, Sall4 is an integral part of the
transcriptional network in ESCs and is involved in the coregula-
tion of functionally important target genes, together with Oct4,
Sox2, and Nanog.
We then sought to extend the repertoire of functionally rele-
vant genes in the ESC circuitry by examining the roles of some
Sall4 target genes in ESCs. We performed RNAi knockdown
of three selected Sall4 target genes, Slc25a36, Zfp27, and
Ezh2, whose expression were downregulated upon depletion
of Sall4 in ESCs but had not been previously implicated in main-
taining pluripotency of ESCs. Depletion ofSlc25a36 by >50% led
to the differentiation of ESCs with the appearance of giant tro-
phoblast-like cells when cultured in ESC growth conditions, par-
tially phenocopying Sall4 knockdown (Figures 5C and S5A).
When Slc25a36 knockdown in ESCs was performed in culture
conditions that support the growth of trophoblast stem cells,
cells that immunostained positive for Cdx2 were observed
(Figure S6). Furthermore, Slc25a36 depletion in ESCs led to the
downregulation of pluripotency markers Oct4, Sox2, and Utf1,
while trophoblast-associated markers Hand1, Cdx2, Eomes,
Esx1, and Psx1 were uniformly upregulated (Figure 5D). In con-
trast, consistent changes in the levelsofmarkergenesassociated
with the endoderm, ectoderm, and mesoderm lineages were not
observed (Figure S5A). Thus the loss of Slc25a36 in ESCs re-
sulted in a phenotype that partially resembled the loss of Sall4,
suggesting that Slc25a36 is an important Sall4 target gene that
may function to maintain the undifferentiated state of ESCs.
RNAi knockdown of Ezh2, a member of the PRC2 polycomb
repressor complex, and Zfp27, a zinc-finger protein, resulted in
less distinct morphological changes in cells cultured in ESC
media (Figure 5C). However, we also observed the emergence
of Cdx2-expressing cells in the Ezh2 and Zfp27 knockdowns
that were cultured in TS culture conditions (Figure S6). Lineage
marker gene analysis in Zfp27 knockdown ESCs revealed signif-
icant upregulation of the trophectoderm-associated markers
Hand1, Cdx2, Eomes, Esx1, and Psx1, while other lineage-asso-
ciated markers were generally unchanged or did not exhibit con-
sistent patterns (Figures 5D and S5B). In Ezh2 knockdown cells,
we observed substantial increases in the expression of genes
associated with the trophectoderm, mesoderm, endoderm,
and ectoderm lineages (Figures 5D and S5C). These observa-
tions are consistent with previous reports that ESCs deficient in
Suz12 andEed, which are components of thePRC2complex, ab-
errantly expressed a variety of lineage-specific markers (Boyer
et al., 2005; Chamberlain et al., 2008; Pasini et al., 2007). Hence,
we have uncovered additional Sall4-regulated genes that have
functional roles in the maintenance of the ESC identity, providing
further evidence that the transcriptional program controlled by
Sall4 is an essential component of the ESC circuitry.
In contrast to the extensive knowledge about key transcrip-
tional networks governing ESCs, the core genetic circuitry regu-
lating the extraembryonic endoderm and its XEN cell derivative is
much less understood. Using Sall4 as the starting point, we
sought to map the core circuitry of critical factors in XEN cells.
From our studies, we observed that Sall4 directly activates
many extraembryonic endoderm lineage-associated genes,c.
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plicated in primitive endoderm development during embryogen-
esis, its corresponding function in XEN cells has not been tested.
Hence, we sought to determine if these lineage-associated
genes are required for maintaining the undifferentiated state of
XEN cells. When we depleted the levels of Gata6, Sox17, and
Sox7 individually, by RNAi, we observed morphological differen-
tiation of the shRNA-treated XEN cells, which resembled the
phenotype ofSall4 knockdown XEN cells (Figure 6A). Thesemor-
phological changeswere accompanied by the downregulation of
the extraembryonic endoderm lineage-associated genes by
20%–50% (Figure 6B). When we reduced the levels of Gata6,
Sox17, and Sox7 simultaneously, we observed very rapid induc-
tion of cellular differentiation and a marked reduction in cell
numbers. The transcript levels ofGata4 andSall4were also dras-
tically decreased by >70% relative to the controls. These results
confirm that these downstream targets of Sall4 are critical fac-
Figure 5. Sall4 Is an Integral Part of the ESC
Transcription Network and Regulates Func-
tionally Important Genes
(A) Circuit diagram showing the interconnected
autoregulatory, positive feedback network formed
by Sall4, Oct4, Sox2, and Nanog.
(B) Heatmap representation of the expression pro-
files of the 305 common target genes in undiffer-
entiated and differentiating ESCs.
(C) Alkaline phosphatase staining of ESCs trans-
fected with Slc25a36, Zfp27, Ezh2, or control
shRNA and cultured for 4 days under puromycin
selection. Scale bars, 100 mm.
(D) Quantitative RT-PCR analysis of marker gene
expression in ESCs 4 days after transfection with
gene-specific shRNA knockdown or control vec-
tor. All values were normalized to levels of b-actin
and plotted relative to the expression levels in con-
trol shRNA-treated cells. Error bars indicate stan-
dard error of three replicates.
tors for XEN cell function, as the loss of
one or more of these factors is detrimen-
tal to XEN cells and could potentially
affect primitive endoderm formation in
the embryo. Interestingly, we observed
that depletion of each of these factors
led to significant downregulation of all
four extraembryonic endoderm lineage-
associated genes, Gata4, Gata6, Sox17,
and Sox7 as well as Sall4. This suggests
that Gata6, Sox17, Sox7, and Sall4 might
participate in an autoregulatory feedback
circuit in XEN cells, reminiscent of the in-
terconnected regulatory circuit of master
regulators present in ESCs.
DISCUSSION
Themolecular mediators andmechanism
for specification of germ layers and extra-
embryonic lineages during early embry-
onic development are an important area that is poorly under-
stood. With the emergence of genome-wide transcription
factor localization analyses, precise and detailed data can be ob-
tained to reveal comprehensive views of the molecular circuitry
controlling cell-fate maintenance and commitment, best exem-
plified in several recent studies of ESCs. In particular, much effort
has been focused on how different transcription factors act sin-
gly or collectively to regulate extensive networks in ESCs (Boyer
et al., 2005; Chen et al., 2008; Kim et al., 2008; Loh et al., 2006).
However, there is virtually no information on how a single tran-
scription factor might behave in different stem cells. This is
largely due to the paucity of identified factors that are present
in more than one stem cell type, and yet retain distinctive func-
tional relevance in each cell lineage (Fortunel et al., 2003).
Here, we have identified Sall4 to be an essential key regulator
in two blastocyst-derived stem cell lines that are developmen-
tally connected. Mapping of Sall4 targets is timely, as recentCell Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Inc. 549
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as a major node in ESC pluripotency circuitry, revealed by mul-
tifactor occupancy on the Sall4 promoter (Chen et al., 2008;
Kim et al., 2008). Our studies reveal that, in ESCs, Sall4 regulates
many transcription factors critical for maintaining pluripotency
and self-renewal (Figure 2C; Table S2) (Ivanova et al., 2006;
Loh et al., 2006; Tam et al., 2008), as well as members of key sig-
naling pathways such as the Wnt, Fgf, TGFb, and MAPK path-
ways. Sall4 is also recruited to the promoters of Klf2 and Klf5,
which have been reported to have overlapping functions with
Klf4 in ESC self-renewal and somatic cell reprogramming (Jiang
et al., 2008; Nakagawa et al., 2008). In addition, we have also
functionally validated the contribution of additional Sall4 target
genes to the maintenance of ESC identity. Thus, the integration
of Sall4 into the core transcriptional network in ESCs provides an
extended transcriptional circuitry that is essential for the pluripo-
tency of ESCs. The finding that Sall4 participates in an intercon-
nected autoregulatory circuit with Oct4, Sox2, and Nanog further
suggests that Sall4 functions as an important master regulator of
the ESC state.
Our conclusion that Sall4 is integral to the ESC transcriptional
circuitry is strengthened by our recent ChIP-sequencing analysis
of Sall4 occupancy in ESCs. Intersection of Sall4-bound loci with
Figure 6. Sall4 Regulates Core Circuitry
Critical for Maintaining the Undifferentiated
State in XEN Cells
(A) Phase images of XEN cells treated for 4 days
with Gata6, Sox17, and Sox7 shRNAs, either sin-
gly or in combination, in the presence of puromy-
cin drug selection. Scale bars, 100 mm.
(B) Quantitative RT-PCR analysis of marker gene
expression in XEN cells treated with gene-specific
shRNA knockdown or control vector for 4 days. All
values were normalized to levels of b-actin and
plotted relative to the expression levels in control
shRNA-treated cells. Error bars indicate standard
error of three replicates.
the 3500 multiple transcription factor-
binding loci (MTL), which are occupied
by at least four key transcription factors
in ESCs (Chen et al., 2008), showed that
Sall4 is also present at 1350 of the
MTL (Table S9). Clustering analysis of
Sall4 with the reported MTL revealed
that it is most frequently colocalized
with Oct4, Sox2, Nanog, and Smad1
(Figure S7A). The strong association of
Sall4 with the Nanog-Oct4-Sox2 MTL
cluster suggests that Sall4 is a compo-
nent of the ES-cell-specific enhanceo-
some that drives specific gene expres-
sion programs required for maintaining
pluripotency (Chen et al., 2008). With
this deep Sall4 ChIP-Seq data, we at-
tempted to define the Sall4-binding motif
in ESCs. De novo sequence analysis re-
vealed an enrichment of the sequence
TCGCCATA in high-intensity Sall4-bind-
ing peaks (Figure S7B), which remains to be more definitively
characterized as a bona fide Sall4 recognition motif.
In addition to defining the role of Sall4 in ESCs, we also dem-
onstrated the importance of Sall4 function in XEN cells, which are
extraembryonic endoderm-derived stem cells. We show here
that the loss of Sall4 leads to XEN cell differentiation, along
with the extensive loss of expression of endoderm-associated
factors. Our study reveals Sall4 as a crucial upstream activator
of key lineage-defining genes in the extraembryonic endoderm.
Gata6 has been identified as one of the earliest lineage-defining
factors for the primitive endoderm and acts potentially as an an-
tagonist to Nanog that is thought to specify the epiblast (Mitsui
et al., 2003). However, it has been suggested that other factors
are necessary for initial primitive endoderm specification, as
Gata6mutants do not exhibit extraembryonic endoderm defects
until several days after blastocyst formation. The discovery that
Sall4 lies upstreamofGata6 andGata4 and drives the expression
of other lineage-determining genes provides a plausible expla-
nation for why the loss of Gata6 or Gata4 alone does not lead
to complete loss of primitive endoderm formation but only
affects visceral endoderm differentiation at later stages (Kout-
sourakis et al., 1999; Morrisey et al., 1998; Ralston and Rossant,
2005; Soudais et al., 1995). In addition, though studies have550 Cell Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Inc.
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ESCs could induce differentiation toward the extraembryonic
endoderm lineage, giving rise to cells with XEN-like properties
(Shimosato et al., 2007), our study is the first direct demonstra-
tion that Gata6, Sox7, and Sox17 are essential for the mainte-
nance and propagation of the blastocyst-derived XEN cells.
Given the importance of the Sall4-mediated transcriptional pro-
gram in XEN cells, our data on Sall4 targets are informative and
useful for future identification and characterization of additional
genes involved in the progression of embryonic and extraembry-
onic development.
Our observation of a substantial induction of apoptosis upon
the reduction of Sall4 in XEN cells suggests that Sall4 may also
regulate apoptotic pathways. Indeed, we have observed in our
GO analysis of Sall4 targets that Sall4 occupies the promoter
of several proapoptotic genes, such as Cul1and Stk17b, as
well as apoptosis-inhibiting genes, such as Cish, Mybl2, and
Bcl2l1, whose expression levels are altered in a Sall4-dependent
manner. This is worth noting in the light of recent reports showing
that Sall4 functions as a regulator of cell survival in human acute
promyelocytic leukemic cells (Yang et al., 2008) by targeting and
regulating a wide range of genes in both proapoptotic and anti-
apoptotic pathways. These and our findings, therefore, implicate
Sall4 as an important regulator not only of the stemness state
and survival of several types of normal stem cells, but also the
survival and expansion of cancer cells and possibly cancer
stem cells.
The observation that a common transcription factor is differen-
tially recruited to very distinct genes in different progenitor or
stem cell types poses interesting mechanistic questions. It is
possible that Sall4 recognizes and binds to different sequence
motifs in the two cell types; however, the derivation of high-con-
fidence Sall4 recognition sequences by de novo motif search of
Sall4-bound regions proved elusive. One explanation could be
attributed to a highly degenerate Sall4 recognition motif, which
wouldmake identification by de novo sequence analysis difficult.
A second mechanism by which lineage-specific recruitment of
Sall4 to different target genes could be mediated is via its inter-
actions with other cell-type-specific cofactors. One such line-
age-restricted cofactor is Nanog, which has been shown to
directly interact and colocalize with Sall4 at many promoters in
ESCs (Wu et al., 2006). Although specific cofactors of Sall4
have not been identified in XEN cells, the extraembryonic endo-
derm lineage factors such as Gata6, Sox7, and Sox17, which are
regulated by Sall4, could be potential XEN-specific partners of
Sall4. In addition, recent reports of how transcription factor re-
cruitment can be modulated by epigenetic modifications to the
chromatin (Guccione et al., 2006; Lupien et al., 2008) suggest
a third mechanism by which cell-type-specific Sall4 promoter
occupancy could be facilitated. It has been shown recently
that lineage-specific recruitment of FoxA1 transcription factor
to different target sites in LNCaP prostate cancer cells and
MCF7 breast cancer cells was positively determined by the dis-
tribution of H3K4methylation at the DNA recognition sites, which
have the same sequence in both cell types (Lupien et al., 2008).
Our findings that Sall4-occupied regions in ESCs and XEN cells
are correlated with active histone marks, while promoters of tar-
get genes not bound by Sall4 are frequently associated with re-
pressive H3K27me3 modifications may point to a role for theCechromatin landscape in the lineage-restricted selection of
Sall4-binding sites.
In conclusion, our study establishes the importance of Sall4
throughout early embryonic development (Figure 7A). As early
as in the oocyte, Sall4 is present together with Oct4 and partic-
ipates in specifying the first lineage commitment decision of
forming either the ICM or the trophectoderm of the blastocyst.
Subsequently, Sall4 interacts and regulates the key lineage-
defining selectors, Gata6 and Nanog, which help specify the
primitive endoderm from the epiblast, respectively. At the mech-
anistic level, Sall4 forms a key overarching component of the
distinct core transcription circuitries present in the blastocyst-
derived stem cell lines. Interestingly, it appears that, while the re-
cruitment of Sall4 is needed, in association with other factors, to
coordinate the expression of a subset of genes in establishing
a specific lineage program in one cell type, it is equally important
that the promoters of the same subset of genes become inac-
cessible to Sall4 in another stem cell type to ensure the complete
absence of Sall4 regulatory input of those genes (Figure 7B). This
study illustrates and provides basis for future investigations into
how other similar factors could have unique roles in more than
one precursor cell type and further our understanding on the ge-
netic and epigenetic bases for self-renewal and lineage potency
in stem cells.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection
All cell cultures were maintained at 37C with 5% CO2. The culture of mouse
E14 ESCs was described previously (Zhang et al., 2006). XEN cells were de-
rived from E4.5 blastocysts as described (Kunath et al., 2005) and maintained
in RPMI1640 supplemented with 20% FBS, L-glutamine, b-mecaptoethanol,
sodium pyruvate, and penicillin/streptomycin. In vitro differentiation of XEN
cells was induced by culturing the cells at low density, in the absence of gelatin
for 4 days. HEK293T cells were maintained in DMEM supplemented with 10%
FBS and penicillin/streptomycin. Transfection of plasmids into mouse ESCs,
XEN cells, and HEK293T cells was performed using Lipofectamine 2000
(Invitrogen).
Cell Viability and Proliferation Assays by Flow Cytometry
XEN cells were transfected with control or Sall4 shRNA and selected with pu-
romycin for 3 days prior to seeding into 6-well plates at a density of 10,000 cells
per well. At various time points, cells in each well were trypsinized, harvested,
and washed with 1% FBS-containing PBS and fixed in 90% ethanol. The cells
were then washed with PBS followed by treatment with RNaseA and resus-
pended in 0.5 ml PBS containing 10 mg/ml propidium iodide. Cells were ana-
lyzed on a FACS Calibur for 20 s on high mode. Data were analyzed using
the CellQuest program (BD Biosciences). The proportion of apoptotic cells in
control or Sall4 shRNA-treated cells was determined using Annexin V-FITC
Apoptosis Kit (BD Biosciences) by fluorescence-activated cell sorting
(FACS) performed on a FACS Calibur (BD Biosciences).
Plasmid Construction
For RNA interference (RNAi) design and construction of plasmids for shRNA
synthesis, 19 base-pair gene-specific regions were designed based on the
algorithm of Reynolds et al. (2004). Oligonucleotides were cloned into
pSuper.puro (Oligoengine; see the Supplemental Data for sequences). At least
two shRNAs were designed to target each gene for functional validation in
ESCs and XEN cells. All sequences were analyzed by BLAST to ensure
specificity.
RNA Isolation, Reverse Transcription, and Real-Time PCR Analysis
Cells were rinsed twice in ice-cold PBS. Total RNA was extracted using Trizol
(Invitrogen) and column purified with RNeasy kits (QIAGEN). cDNA synthesisll Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Inc. 551
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Distinct Core Circuitries
(A) Sall4 is coexpressedwith Oct4 from the one-cell zygote onward and acts as
an activator of Oct4 for proper ICM formation (Hamatani et al., 2004; Zhang
et al., 2006). In the ICM, two populations of cells mutually exclusive for Nanog
and Gata6 expression can be observed interspersed in a ‘‘salt and pepper’’
pattern (Chazaud et al., 2006). By the late blastocyst stage, the primitive endo-
derm is clearly segregated from the epiblast. Sall4 regulates both the primitive
endoderm selector Gata6 and the epiblast selector Nanog. Sall4 and Nanog
forms an autoregulatory circuit in the epiblast, but the upstream regulation
of Sall4 in the primitive endoderm is not known.
(B) Sall4 regulates distinct core circuitries in both blastocyst-derived stem cell
lines. In ESCs, the pluripotency-associated factors Nanog, Oct4, and Sox2
are activated and feedback into Sall4, whereas extraembryonic the endoderm
lineage-associated factors Gata6, Gata4, and Sox17 are silenced. In XEN cells,
the reverse occurs, but it is unclear whether downstream Sall4 targets also reg-
ulate Sall4 directly. The maintenance of the respective undifferentiated cellular
states is dependent on the proper control of lineage-determining factors, as
forced expression of Gata6 can induce ESCs to form XEN-like cells. We have
previously shown that forced overexpression of Sall4 in ESCs can increase en-
dodermmarkers (Zhang et al., 2006), but the importance of the precise levels of
Sall4 indeterminingalternatecell fates remains tobe tested. Theactivationof the
circuits is, in part, due toH3K4me3modification at the respectiveSall4 targets in
either cell type, whereas the H3K27me3 modification is largely associated with
the repression of gene activity.Whether these epigenetic marks, and others, di-
rectly determine Sall4 recruitment to the appropriate target sites is not known.552 Cell Stem Cell 3, 543–554, November 6, 2008 ª2008 Elsevier Inwas performed with 1 mg of total RNA at 37C for 2 hr using the High Capacity
cDNA Archive Kit (Applied Biosystems) and subsequently diluted ten times.
Endogenous mRNA levels of pluripotency and differentiation markers were
measured with inventoried Taqman probes using the ABI Prism 7900HT Se-
quence Detection System 2.2 (Applied Biosystems). Results were normalized
to b-actin and analyzed using SDS 2.2 software.
Chromatin Immunoprecipitation and DNA Microarray Analysis
ChIP assays were carried out as described previously (Zhang et al., 2006).
Quantitative PCR analyses were performed in real-time using the ABI PRISM
7900 Sequence Detection System. Relative occupancy valueswere calculated
by determining the apparent immunoprecipitation efficiency (ratios of the
amount of immunoprecipitated DNA to that of the input sample) and normal-
ized to the average levels at three control regions. ChIP combined with DNA
microarray was carried out according to AgilentMammalian ChIP-on-chip pro-
tocol (version 3) (Boyer et al., 2005). See the Supplemental Data for more
detailed methodology. Antibodies used for ChIP experiments were Sall4
(Zhang et al., 2006), H3K4me3 (ab8580, Abcam), H3K27me3 (07-449, Upstate
Biotechnology Inc.), and GST (sc-459, Santa Cruz Biotechnology Inc.).
Immunofluorescence Microscopy
Cell cultures were fixed in 4% paraformaldehyde and permeabilized with
0.25% Triton X-100, followed by blocking with 1% bovine serum albumin in
PBS. Cells were stained with primary antibodies, followed by the appropriate
secondary antibodies conjugated with Alexa Fluor 594 (Molecular Probes).
Anti-Gata6 (R&D, AF1700), anti-Gata4 (R&D, AF2606), anti-Sox7 (R&D,
AF2766), and anti-Sox17 (R&D, AF1924) antibodies were used at 1:100 dilu-
tions. Anti-Sall4 antibodies (Zhang et al., 2006) were used at 1:100 dilutions.
Anti-Cdx2 (BioGenex, CDX2-88) antibodies were used at 1:200 dilutions. Im-
ages were captured with a fluorescence microscope (Axio Observer D1,
Zeiss).
Gene Expression Microarray and Data Analysis
For microarray transcriptome profiling of Sall4- and control shRNA-treated
cells, cells were transfected with appropriate plasmids and cultured under pu-
romycin selection for 3, 4, or 5 days. Cells were then harvested and washed
with PBS. Total RNA was extracted using Trizol (Invitrogen) and column puri-
fied with RNeasy kits (QIAGEN). RNA amplification was performed using
Ilumina TotalPrep RNA amplification kit. Expression profiling of coding genes
was carried out using Illumina MouseRef-8 BeadArrays as per the manufac-
turer’s instructions. All microarray data have been deposited with GEO repos-
itory accession number GSE12482. All data were subtracted from background
intensities andwere normalized using the crosscorrelationmethod. Differential
expression was based on the mean of the log2 fold changes of Sall4 RNAi in
XEN or ESCs to the corresponding scrambled controls. The cutoff mean fold
change for differential expression was 1.75. All heatmaps were generated us-
ing hierarchical clustering with average linkage. In the heatmaps, log2-trans-
formed intensities subtracted from the mean intensity were shown for each
gene, and genes were sorted based on the mean fold changes. Hierarchical
clustering of gene expression data was performed on different ESC lines,
XEN cell lines, and MEF cell lines with two different array platforms (Illumina
and Affymetrix). Prior to clustering, gene expression data were normalized
using the crosscorrelation method separately for each platform (Chua et al.,
2006). Normalized data were then subtracted from the mean values of XEN
and ESCs and subsequently clustered based on samples. Gene Ontology
analysis was performed based on biological process categories using a hyper-
geometric distribution. Enriched categories were obtained in comparison to
the whole mouse genome. Common target genes of Oct4, Sox2, Nanog,
and Sall4 were identified by colocalization of the binding loci in the neighbor-
hood of a target gene. The colocalized binding loci of all these four factors were
extracted and mapped to genes using the Cis-regulatory Element Annotation
System (CEAS) (Ji et al., 2006) with the mouse genome assembly version Build
36 (mm8).
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All microarray data have been deposited with GEO repository accession num-
ber GSE12482.c.
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